Plant defense against herbivores is modulated by herbivore-associated molecular patterns (HAMPs) from oral secretions (OS) and/or saliva of insects. Furthermore, feeding wounds initiate plant self-damage responses modulated by danger-associated molecular patterns (DAMPs) such as immune defense-promoting plant elicitor peptides (Peps). While temporal and spatial co-existence of both patterns during herbivory implies a possibility of their close interaction, the molecular mechanisms remain undetermined. Here we report that exogenous application of rice (Oryza sativa) peptides (OsPeps) can elicit multiple defense responses in rice cell cultures. Specific activation of OsPROPEP3 gene transcripts in rice leaves by wounding and OS treatments further suggests a possible involvement of the OsPep3 peptide in rice-herbivore interactions. Correspondingly, we found that simultaneous application of OsPep3 and Mythimna loreyi OS significantly amplifies an array of defense responses in rice cells, including mitogen-activated protein kinase activation, and generation of defense-related hormones and metabolites. The induction of OsPROPEP3/4 by OsPep3 points to a positive auto-feedback loop in OsPep signaling which may contribute to additional enhancement of defense signal(s). Finally, the overexpression of the OsPep receptor OsPEPR1 increases the sensitivity of rice plants not only to the cognate OsPeps but also to OS signals. Our findings collectively suggest that HAMP-DAMP signal integration provides a critical step in the amplification of defense signaling in plants.
INTRODUCTION
Wounding is a key factor by which plants recognize herbivores, but alone it is not sufficient to trigger full plant defense responses (Acevedo et al., 2015; Schmelz, 2015) . Previously, oral secretion (OS)/saliva-derived herbivoreassociated molecular patterns (HAMPs) have been shown to affect both the scale and character of plant defense against herbivores, including early hormone signaling pathways (Schmelz et al., 2009; Schmelz, 2015) and the accumulation of defense metabolites (Mith€ ofer and Boland, 2012; Alamgir et al., 2016) . Furthermore, dangerassociated molecular patterns (DAMPs), rapidly released from wounded cells, membranes and cytosol, can be modified by enzymes contained within OS, which then alters the specificity of downstream plant defense responses (Acevedo et al., 2015; Duran-Flores and Heil, 2016) .
Following the perception of HAMPs and DAMPs by their cognate receptors, triggered signals are thought to be integrated in order to attain highly effective defense responses (Schmelz et al., 2009; Schmelz, 2015; Duran-Flores and Heil, 2016) . Consistent with this, defense amplification was recently reported when two coexisting HAMPs in Mythimna loreyi (MYL) OS, fatty acid-amino acid conjugates (FACs) and a high molecular elicitor (HME) fraction, were simultaneously applied to plant cells . This finding not only shows an example of interactions between HAMP signaling pathways but also implies that HAMP signaling may interact with other wound (or herbivory) associated signals, such as DAMPs, in tailoring plant defense against herbivores. Consequently, it becomes of significant interest to examine in detail interactions amongst various molecular patterns triggered by herbivory in plants at the level of their perception and/or signaling in order to promote the understanding of these remarkably complex interactions.
A number of HAMPs and DAMPs, together with their signaling pathways, have been reported in the past two decades (for a review see Mith€ ofer and Boland, 2008; Gust et al., 2017) . The Arabidopsis elicitor-active peptide AtPep1 was first isolated as a 23-amino-acid peptide from plant extracts; subsequently an additional six PROPEP members that harbor a conserved Pep epitope in their C-termini were identified (Huffaker et al., 2006; Yamaguchi et al., 2006) . The lack of an N-terminal leader sequence required for conventional secretion, contrasted with cell surface recognition of Peps by the membrane-associated pattern recognition receptors (PRRs) PEPR1/PEPR2 (Yamaguchi et al., 2006 (Yamaguchi et al., , 2010 , suggest a model in which PROPEP-derived DAMPs are mainly released following membrane disintegration and then recognized by PEPRs. PROPEP and PEPR homologous genes have been annotated in the genomes of multiple plant species. Interestingly, application of various Peps can trigger defense responses within the same family of plants, but not in other more distant plant species (Huffaker et al., 2013; Lori et al., 2015) , pointing to possible conservation of the DAMP signaling pathway at the level of individual plant families (Huffaker et al., 2013; Lori et al., 2015) .
Small PROPEP gene families are often discerned by their specific spatiotemporal expression patterns Huffaker et al., 2013) . In the context of plant-herbivore interactions, maize PROPEP3 and Arabidopsis PRO-PEP3 are both induced by OS and/or direct herbivory (Huffaker et al., 2013; Klauser et al., 2015) . The exogenous application of ZmPep3 induces maize defense responses against herbivores, including emission of volatiles and phytoalexins which suppress herbivore performance (Huffaker et al., 2013) . Similarly, herbivores perform better on Arabidopsis pepr1 pepr2 double mutant plants than the wild type , which offers yet more evidence for a contribution of Pep/PEPR to anti-herbivore defense. Together, these findings provide the necessary framework for investigation of the molecular mechanisms involved in Pep-HAMP interactions, and prompt the use of other plants, such as rice, to generalize the functions of Pep in defense against herbivores. However, wounding is typically used for effective delivery of elicitors to leaves in monocotyledonous plants such as maize or rice, which is likely to involve the generation of multiple DAMPs and weakens unambiguous determination of the functions of elicitors and their interactions (Huffaker et al., 2013) . Under such circumstances, and despite some limitations resulting from cultivation in the presence of the growth hormone 2,4-dichlorophenoxyacetic acid (2,4-D), rice cell culture systems can be used as an alternative approach. In particular, such a system allows direct application of the desired elicitors to the cells , and this was considered a major advantage of the current study.
In rice cells and intact and transgenic plants we reveal multiple interactions between the HAMP-containing OS from rice armyworm and OsPep DAMPs. Of the six OsPRO-PEP homologous genes in rice, OsPROPEP3 at least is substantially induced in response to wounding and OS treatments in rice leaves. The application of an elicitoractive epitope of OsPROPEP3, called OsPep3, induces plant defenses that are reminiscent of responses induced by herbivore attack, and OsPep3 can amplify the OS-induced defenses in rice cells. Finally, enhancing OsPEPR1 expression in rice plants enhances sensitivity not only to OsPep3 but also to OS. Overall, we show that the Pep/PEPR system makes a significant contribution to functional reinforcement of OS-triggered defenses in plants under herbivore attack.
RESULTS

OsPeps serve as functionally redundant elicitors of defense in rice
We focused on six OsPROPEP genes annotated in the rice genome because of their retention of a conserved AtPep1-like and/or ZmPep-like amino acid sequence in their Cterminal regions and their overall sequence similarity to that of the previously described gene family members in Arabidopsis and maize ( Figure 1a and Table S1 in the online Supporting Information). To examine OsPep elicitor activity, Pep-like 23-amino-acid epitopes of each OsPRO-PEP ( Figure 1a) were synthesized and applied to cultured rice cells at concentrations as low as 10 nM. Chitin oligosaccharide (GlcNAc) 8 , a potent microbe-associated molecular pattern (MAMP) from fungal cell walls, was used as a positive control (Shinya et al., 2015) . Compared with mock-treated controls, all tested OsPeps promoted the accumulation of reactive oxygen species (ROS) (Figures 1b and S1a) and also that of p-coumaroylputrescine (CoP), which is a well-characterized herbivory-induced secondary metabolite in rice (Alamgir et al., 2016) (Figures 1c and S1b) . While the application of OsPep consistently triggered accumulation of CoP it did not significantly increase levels of momilactone B (MB), a typical diterpene phytoalexin of rice previously shown to be weakly induced by herbivory (Figures 1c and S1b) (Alamgir et al., 2016; Shinya et al., 2016) . This was in contrast to the fungal elicitor (GlcNAc) 8 which strongly induced both CoP and MB in cultured rice cells. These results (i) confirm retention of elicitor activity in six OsPeps and (ii) show that OsPep-elicited responses are partially distinct from the response to chitin oligosaccharide. Even at higher concentrations, OsPep3 consistently induced accumulation of CoP, which became saturated at 10-100 nM, but did not induce significant accumulation of MB beyond background levels ( Figure S2 ).
Expression of OsPROPEPs is differentially regulated in response to wounding, OS and jasmonate
To assess the possible involvement of OsPROPEP(s) in anti-herbivore defense, we first examined transcriptional responses of OsPROPEP after simple wounding and in combination with OS (simulated herbivory) in the rice leaves. Two rice herbivore models were used in this study, including caterpillars of generalist (MYL) and specialist, Parnara guttata (abbreviated as PAG), species. Crude OS MYL and OS PAG , as well as partially purified OS fractions from these herbivores exhibited strong elicitor activity in our previous studies with rice cells ).
Of the six tested OsPROPEP genes, transcripts of OsPROPEP3 rapidly accumulated after elicitation in wounded and OS MYL -treated rice leaves (Figure 2) . In rice cells, OsPROPEP3 was induced in response to OS MYL and OS PAG but not jasmonate (JA), whereas OsPROPEP4 was induced in response to OS and JA in the cells but not to wounding in the leaves. OsPROPEP1 was not significantly induced in response to either OS MYL /OS PAG or JA in rice cells. Transcripts of OsPROPEP2, -5 and -6 were not detected under our experimental conditions, either in rice leaves or cultured cells. As OsPROPEP3 was strongly induced in the leaves in response to wounding and OS, we further assessed prospective role(s) of OsPROPEPs in the activation and/or amplification of anti-herbivory defense signaling in rice, primarily by the use of OsPep3.
OsPep3 enhances OS and its fraction-induced defense responses
In order to gain more insight into the function of OsPep3 in the defense of rice against herbivores we examined whether, and if so how, OsPep3 affects OS MYL -triggered defense responses. OS MYL contains at least one known type of HAMP, FACs, and a HME fraction (OS MYL > 3.5 kDa) obtained by crude OS dialysis that efficiently removes FACs but still contains one or more additional putative HAMP. As a result, OsPep3 synergistically enhanced OS MYL as well as HME fraction-mediated accumulation of CoP in rice cells (Figure 3 ; two-way ANOVA, . Generation of reactive oxygen species (ROS) (b) and metabolite accumulation (c) were measured 2 and 24 h after elicitation, respectively. Data (n = 4) are shown as means AE SE, and asterisks show statistically significant differences between individual elicitor and control (water) treatments analyzed by Dunnett's test (*P < 0.05).
P < 0.05). Similarly, a synergistic effect was observed in the induction of transcripts for the CoP biosynthetic gene OsAT4c (Tanabe et al., 2016) 3 h after simultaneous application of OS MYL /HME and a DAMP ( Figure S3 ).
Interestingly, OsPep3 alone did not induce accumulation of MB, but a combination of OS MYL or HME fraction with OsPep3 synergistically promoted the accumulation of MB in cells (Figure 3 ). Similar enhancements were observed in the induction of transcripts for KAURENE SYNTHASE-LIKE 4 (OsKSL4) and diterpenoid phytoalexin factor (DPF) 3 h after simultaneous application of OS MYL /HME and OsPep3 ( Figure S3 ). As the enzymes encoded by these genes mediate rate-limiting steps in momilactone biosynthesis (Yamamura et al., 2015) , OsPep3 is likely to activate MB biosynthesis rather than inhibit its degradation, although this needs to be further tested. Taken together, our data suggest that a DAMP derived from the wound-and OS MYLinducible protein OsPROPEP3 promotes defense metabolism in rice. The retention of elicitor-active OsPep2 and OsPep4 epitopes in OsPROPEP2 and OsPROPEP4, respectively, further implies that they could play a similar role, with distinctions/specificities derived from their specific mRNA expression patterns in response to OS, wounding and JA (Figures 2 and S4 ).
OsPep3 positively interacts with OS MYL /HME-induced defense signaling
Simultaneous application to cells of OsPep3 and OS additively promoted the production of ROS ( Data (n = 3-4) are shown as means AE SE. Statistical differences were analyzed by ANOVA followed by the Tukey HSD test (P < 0.05) (a, b) or Student's t-test (**P < 0.01) (c).
as levels of defense metabolites ( Figure 3 ). We hypothesized that HAMPs and DAMPs may simultaneously act on more than one signaling pathway, such as mitogen-activated protein kinase (MAPK) signaling and/or hormone signaling, to achieve the observed synergistic outputs.
To test this, MAPK activity and hormone levels were examined. The activity of MAPK strongly increased 15-30 min after application of HME fraction, and a small increase was also observed in cells treated with OsPep3 ( Figure 4a ). Consistent with our expectations, MAPK activity was further enhanced by simultaneous application of OsPep3 to HME fraction (compare the two immunoreactive protein bands at about 43 and 45 kDa, putatively corresponding to rice MAPK3 and MAPK6, respectively; Kishi-Kaboshi et al., 2010). While HME fraction caused higher accumulation of JA-Ile in rice cells (Figure 4b ), the production of JA-Ile was further promoted by simultaneous application of HME fraction and OsPep3. As JA levels were not increased in the same way, this suggests that the JA-amino synthetase activity required for formation of JA-Ile from JA and Ile could be a major target of the double elicitor treatment (Figure 4b) . Similar enhancements of MAPK activation and JA-Ile accumulation were also observed in rice cells treated with OsPep3 and crude OS MYL ( Figure S5 ).
Finally, OsPep3 transiently induced OsPROPEP3 transcripts; this was further promoted when cells were treated with a combination of OsPep3 and HME fraction. In contrast, induction of OsPROPEP4 was not further enhanced by simultaneous application of any of the currently tested HAMP and DAMP species, compared with that in response to OsPep3 alone ( Figure S6 ).
Amplification of defense in OsPEPR-overexpressing plants
In the rice genome two putative OsPep receptors, OsPEPR1 and OsPEPR2, were previously annotated according to their sequence homology to AtPEPRs (Huffaker et al., 2013) . The GFP fusion proteins of both receptor candidates localized at the plasma membranes of epidermal cells when the receptor-encoding genes were transiently introduced by agroinfiltration into Nicotiana benthamiana leaves under the control of the CaMV 35S promoter; this was similar to AtPEPR2 localization ( Figure S7 ). Although N. benthamiana leaves are inherently devoid of OsPep recognition (Huffaker et al., 2013; Lori et al., 2015) , OsPEPR1-GFP-expressing leaves of this plant exhibited a ROS burst in response to OsPep3 whereas OsPEPR2-GFPexpressing leaves did not (Figure 5a ), despite stable receptor accumulation at the plasma membranes. From these results, we infer that OsPEPR1, but not OsPEPR2, should act as an intrinsic rice receptor for OsPep3. Generation of reactive oxygen species (ROS) and metabolite accumulation were determined 2 and 24 h after elicitation, respectively. Rice cells were treated with OsPep3 (10 nM), OS MYL (5000-fold dilution) or OS MYL dialysate (>3.5 kDa, 500-fold dilution; high molecular elicitor fraction), or in their combinations as described in the figure. Data (n = 3-4) are shown as means AE SE, and statistical differences were analyzed by ANOVA followed by the Tukey HSD test (P < 0.05). The symbols # and * indicate additive and synergistic interactions between two elicitors, respectively, analyzed by two-way ANOVA (P < 0.05).
The functional significance of OsPEPR1 was further assessed by generating and characterizing transgenic rice plants that express the OsPEPR1 gene under the control of the strong constitutively active DNA regulatory sequences. Of more than 10 independent transgenic rice lines generated, we selected at least two lines with high OsPEPR1 expression and subjected them to functional analyses. Feruloylputrescine (FP), a major phenolamide of intact rice leaves (Tanabe et al., 2016) , accumulated at higher levels in the OsPEPR1 transgenic plants than in wild-type plants after wound-associated application of water (mechanical wounding), of OS MYL (simulated herbivory) or of OsPep3 (Figure 5b ). The OsPEPR1 transgenic plants had elevated levels of several other phenolamide markers of herbivore attack in the leaves (Tanabe et al., 2016) : CoP (Figure 5b ), caffeoylputrescine (CaP), feruloylagmatine (FA) and sinapoylputrescine (SiP) ( Figure S8 ). Although it is generally difficult to discern elevation of momilactones in simulated herbivory experiments with intact rice plants (Alamgir et al., 2016) , momilactone accumulation is more easily assessed in leaf disc assays. Under severe mechanical stress caused by leaf cutting, OsPEPR1 transgenic discs accumulated more momilactone A (MA), with or without application of the exogenous elicitors OsPep3 or OS MYL (Figure 5c ). Overall, our results suggest that an increase in OsPEPR1 levels may render rice plants more responsive to OS MYL , to wound stress and to its cognate ligand OsPep3 (Figure 5b,c) .
DISCUSSION
In defense of plants against chewing herbivores, invader attack is effectively transmitted by feeding injury as well as the specific molecular patterns of insects involuntarily deposited in the wounds. In this report we show that OsPep3, a typical wound-inducible DAMP, can potentiate OS MYL /HME-induced defenses, exerting both additive and synergistic effects on plant signaling and defense (see Figure 6 for a schematic summary).
Herbivory and the Pep signaling pathway
In plant-microbe interactions, the functional significance of the Pep-PEPR system is well documented in Arabidopsis at multiple levels of pathogen resistance (Yamaguchi and Huffaker, 2011; Tintor et al., 2013; Ross et al., 2014) . The Pep-PEPR system is also implicated in plant defense against herbivores; for instance, ZmPep3, an AtPep homologue in maize, elicits anti-herbivore responses through indirect (volatile emissions) and direct (phytoalexins) defense mechanisms (Huffaker et al., 2013) . In Arabidopsis, pepr1 pepr2 double mutant plants, which are insensitive to AtPeps, display increased susceptibility to feeding of Spodoptera littoralis caterpillars, in part due to defects in their (a) Rice cells were treated with OsPep3 (10 nM) and/ or the HME fraction of OS MYL (100-fold dilution). Cells were collected at 15 or 30 min after treatment and MAPK activity was determined by immunoblot with anti-pMAPK antibody. Equal protein loading was confirmed by Ponceau S staining. Experiments were repeated at least three times with similar results. (b) Accumulation of JA and JA-Ile was measured in rice cells treated with OsPep3 (10 nM) and/or HME of OS MYL (500-fold dilution) for 3 h. Data (n = 4) are shown as means AE SE and statistical differences were analyzed by ANOVA followed by the Tukey HSD test (P < 0.05). The symbol* indicates synergistic interaction between two elicitors analyzed by two-way ANOVA (P < 0.05).
JA-dependent signaling . In this respect, we provide yet another example in rice, showing that OsPep-PEPR signaling mediates defense responses to herbivores, in part through shared signaling with HAMPs in M. loreyi larval OS.
Similar to the situation in other plants (Huffaker and Ryan, 2007; Bartels et al., 2013) , all tested OsPeps displayed comparable effects on rice cell defense (Figure 1b,c) , suggesting that perception of any OsPep may lead to common defense activation in rice mediated by the OsPEPR signaling pathway. However, this view is most likely oversimplified, as the observed spatiotemporal regulation patterns of PROPEP genes provide indications of their specialized functions in plants. To this end, exogenously applied AtPeps also provoke a similar set of defense responses, but expression patterns of AtPROPEP genes are quite diverse, some overlapping with the receptor PEPR1 and PEPR2 patterns while others are dissimilar, pointing to alternative Pep functions (Huffaker et al., 2006; Yamaguchi et al., 2010; Bartels et al., 2013; Klauser et al., 2013; Gully et al., 2015) . In our report, OsPROPEP1, -3, -4 transcript levels support differential expression patterns of Peps in rice, namely the defense-inducible character of some Peps (Figure 2 ). In addition, publicly available microarray data show a variety of additional OsPROPEP1-4 expression/ localization patterns in field-grown rice plants (RiceXPro; http://ricexpro.dna.affrc.go.jp/). Future studies will determine whether such patterns really contribute to specific functions and/or modes of action of OsPeps.
Pep signaling networks
Application of OsPep3 induced OsPROPEP3 transcripts in cells, suggesting a self-amplification loop in OsPep signaling similar to one previously reported in Arabidopsis (Huffaker and Ryan, 2007; Tintor et al., 2013; Yamada et al., 2016) . Interestingly, OsPep3 also induced another PROPEP gene that lacks direct responsiveness to wounding in leaves (OsPROPEP4; Figure 2 ). From this, OsPep3 might work as an important regulatory hub that activates other Peps during wounding and herbivore attack. However, as transcript and protein levels are not always correlated, further studies and approaches, such as the use of proteomics or specific antibodies, are needed to determine translation, post-translational modifications and the biological significance of intact as well as processed forms of OsPROPEPs. Identification of protease(s) and other enzymes from the host plant and/or invading herbivores involved in processing of PROPEPs is yet another challenge for the future.
The application of OsPep3 promoted immune signaling, such as MAPK activity, increased ROS bursts and increased JA-Ile levels in rice cells (Figures 1, 4 , S1 and S5). Similarly, application of AtPep1 induces a ROS burst (e.g. Huffaker et al., 2006), and promotes MAPK3/MAPK6 activity in Arabidopsis Ortiz-Morea et al., 2016) . In addition, we show novel evidence that while crude OS from insects or isolated OS fractions were sufficient to induce ROS and MAPK activation in rice cells this was further amplified by OsPep3. This is consistent with our (c) Amounts of momilactone A in rice leaf discs treated with OsPep3 (100 nM) or OS MYL (500-fold dilution) for 24 h. Data (n = 4) are shown as means AE SE. Statistical differences were analyzed by ANOVA followed by the Tukey HSD test (P < 0.05) in each transgenic line or the wild type (WT).
previous finding that elicitor activity of the HME OS fraction is enhanced by another independent HAMP, FAC, when applied together to rice cells . Interestingly, the effects of OsPep3 on ROS induced by OS (or its active fraction) -and possibly MAPK activity -was additive (Figures 3 and 4) , but the effects we found on metabolites were typically synergistic (Figures 3 and S4) . To explain this, we propose that smaller effects on individual components of defense signaling can combine in synergistic output responses, such as much higher levels of defense metabolites in rice cells.
In animals, simultaneous recognition of two or more molecular patterns contributes to amplification of patterntriggered immunity (Cao, 2016; Thaiss et al., 2016) . Our results are consistent with some of the general mechanistic models for cross-regulation in immune signaling, such as sharing of common signaling components ( Figure S9a ), in which (both) respective stimuli (molecular patterns) are capable of inducing downstream defense responses. The accumulation of CoP and ROS, as well as MAPK activation, was induced by individual elicitors -OS MYL , HME OS fraction or OsPep3 -thus pointing to sharing of common signaling components being involved in the amplification of defense responses after double elicitor treatments (Figures 4 and S5) . In another model, one signaling pathway does not induce the defense response by itself but enhances another parallel signaling pathway, which is crucial for the full activation of the first pathway ( Figure S9b) . Consistent with the second model, OsPep3 amplified OS MYL -induced accumulations of MB (Figures 3 and S9b) , which, however, was not induced by the application of OsPep3 alone (Figures 1 and S1 ).
Effective regulation of plant stress resistance by molecular patterns
Simultaneous application of OS MYL /HME and a DAMP showed synergistic effects on defense-related metabolite levels in rice cells (i.e. output defense responses), namely phenolamides from the phenylpropanoid branch and diterpene phytoalexins from the isoprenoid pathway. Previously, phenolamides have been found to suppress performance of sucking insects in rice (Alamgir et al., 2016) and they negatively affected chewing herbivores in the wild tobacco Nicotiana attenuata (Kaur et al., 2012) . Momilactones, on the other hand, act as major allelopathic agents in rice to suppress the growth of other plant competitors (Kato et al., 1973) and they show antimicrobial effects (Fukuta et al., 2007) . Despite a clear induction by herbivores, such as sucking brown planthoppers in rice (Alamgir et al., 2016) , a direct anti-herbivore function of momilactones has not been established. We assume that accumulation of momilactones may affect opportunistic pathogens that try to invade plants during/after herbivory, and thus accumulation of diterpenes may be an immune response of plants targeting these microbes. Alternatively, diterpene glycosides accumulate in response to herbivory, and act as a strong anti-herbivore defense in the wild tobacco N. attenuata (Heiling et al., 2010) , suggesting that other, as yet unknown, forms of momilactone could be effective against herbivores. In any case, momilactones can be regarded as a useful proxy for assessing the strength of anti-herbivore defense.
Although we did not examine the role of OsPeps in indirect defense, i.e. the release of volatile organic compounds (VOCs) from rice plants to attract natural enemies of herbivores (Sobhy et al., 2017) , in maize, ZmPep3 positively affected both direct and indirect defense systems (Huffaker et al., 2013) . It will be interesting to see whether indirect plant defenses can also be potentiated by interactions of HAMP-containing OS and DAMPs, as shown in this report for direct defense responses.
While rapid and specific local and systemic generation of DAMP and HAMP signals in response to stress are essential Figure 6 . An updated model of danger-associated molecular pattern (DAMP)-herbivore-associated molecular pattern (HAMP) defense signaling in plants during herbivore attack. Damage from herbivore feeding releases plant elicitor peptides (Peps) that promote further PROPEP transcription and defense signaling. Simultaneously, already known (e.g. fatty acid-amino acid conjugates, FACs) and other putative HAMPs in oral secretions of Mythimna loreyi (OS MYL ) are perceived by as yet unknown corresponding receptor (s), and signals from both pathways are integrated to trigger strong output defense responses. ROS, reactive oxygen species; HME, high molecular elicitor fraction from OS; MAPK, mitogen-activated protein kinase; JA, jasmonate. [Colour figure can be viewed at wileyonlinelibrary.com].
to plants, output defense responses also depend on additional factors, such as (i) the quantity of molecular pattern (s), (ii) the specificity of perception systems, and (iii) functional interactions in the downstream signal transduction pathways. To address each of these levels, we first tried increasing the amount of elicitor-active Peps at wound sites by applying OsPep3 to leaves attacked by MYL. Such treatment only slightly enhanced the production of herbivoryinduced metabolites (Figure S10a) , and only marginally suppressed herbivore performance in some of the trials ( Figure S10b ). Although we cannot completely exclude the possibility that exogenously applied peptides were unstable on the leaf surface, it seems that self-and cross-amplification properties of PROPEPs in rice (Figures 2 and S6) , and possibly in other plants, provide saturated levels of ligands required for maximal defense induction.
Secondly, defense responses were tested in perceptionaugmented rice overexpressing the PRR candidate gene OsPEPR1. Leaf discs from OsPEPR1ox plants had higher basal levels of MA, which were further increased after addition of OsPep3 (DAMP) or crude HAMP-containing OS MYL (Figure 5c ). Furthermore, treatment of intact OsPEPR1ox transgenic plants by wounding or simulated herbivory strongly promoted the levels of phenolamide defense metabolites in the perception-augmented plants (Figure 5b) . This result is particularly remarkable because OsPEPR1 is unlikely to directly recognize cognate ligands of canonical HAMPs found in M. loreyi OS. It suggests that enhancement of perception capacity leads to superdefended plants; however, potential side effects, such as a higher cost of defense should be considered in such plants, especially when growing them under the natural stress conditions and nutrient limitations (de Vries et al., 2017) .
Integration of signals after perceiving HAMPs and DAMPs is critical for the strength of induced plant defenses against herbivores. Taking into account the vast scale and diversity of plant-insect interactions, future research is likely to reveal many more synergies between different as yet undiscovered HAMPs and DAMPs acting in sophisticated, highly interconnected signaling networks. As one can imagine, these signaling networks will not remain limited to plants and herbivores, but will involve the interactions of plants with pathogens, abiotic stresses and other factors, providing explanations for the robustness of plant defense and the survival of plants in the real world.
EXPERIMENTAL PROCEDURES Plants and insects
Suspension-cultured rice cells (Oryza sativa L. cv. Nipponbare) were maintained using N-6 medium as described previously (Tsukada et al., 2002) . Rice cells were transferred into fresh medium every week, and meshed at 2-week intervals. Typically, cells at the fourth day after subculture were used for experiments.
Rice plants were germinated in Kumiai Ube Baido No. 2 nutrient-rich soil pellets (MC Ferticom, http://www.mcferticom.jp/index.html) or OK soil (ISEKI & CO., Ltd, http://www.iseki.co.jp/english/). After 2-3 weeks, plantlets were transferred to larger pots with paddy field soil mixed with nutrient-rich pellets (20-30%) or OK soil. For wound and simulated herbivory treatments, the youngest fully developed leaves of 4-to 7-week-old plants were used. One leaf per plant was wounded with a fabric pattern wheel along the midvein and immediately treated with 20 ll of water, 1 lM OsPep3 or 20 ll of water-diluted (1:3 (v/v)) oral secretions (Alamgir et al., 2016) . Leaves were harvested to liquid nitrogen at designated time points and kept in a deep freezer until use.
Larvae of the generalist herbivore MYL were collected in a paddy field in Kurashiki (Okayama prefecture, Japan), and reared under laboratory conditions as described previously . Oral secretions (OS MYL and OS PAG ) were collected from larvae fed on the rice leaves at least 2-3 days prior to OS collection . The HME fraction was prepared from OS MYL by dialysis against pure water for 2 days at 4°C in 3500 molecular weight cutoff dialysis tubing (BioDesign Inc., http://www.biode signofny.com/). The dialysate was heated at 95°C for 5 min, centrifuged at 14 000 g, and supernatant was used for bioassays.
Identification of OsPROPEP genes and OsPep synthesis
OsPROPEP1, -2 and -3 were reported previously (Huffaker et al., 2013) . The remaining OsPROPEPs were identified by Blast search using the amino acid sequences of Arabidopsis and maize PROPEP genes (Huffaker et al., 2013) . Epitope sequences of OsPeps were predicted from sequence similarity to the core 23-amino-acid sequence of AtPep1. Peptides of AtPep1 and OsPeps were purchased after custom synthesis from Pepmic Suzhou (http://www.pepmic.com/), and dissolved at the desired concentrations in distilled water before use.
Analysis of rice defense responses
Generation of ROS in rice cells was detected by a previously established chemiluminescence method with the substrate L-012 . Chemiluminescence was detected in a microplate luminescence reader (PowerScan HT, DS Pharma Biomedical, https:// www.dsp-bio.com/) at 120 min after mock and elicitor treatments. The quantity of ROS was calculated against authentic calibration curves prepared as serial dilutions of a hydrogen peroxide (H 2 O 2 ) standard. For ROS measurements, rice cells (40 mg) were placed in a 24-well microtiter plate and pre-incubated in 1 ml of fresh culture medium for 30 min to subdue initial stress-induced ROS. Equivalent amounts of elicitors or water were applied to treatment and mock control cell groups, respectively. The chitin oligomer (GlcNAc) 8 was used as a positive control treatment at a previously tested concentration of 10 nM .
Secondary metabolites were extracted from rice cells (40 mg) or 10 rice leaf discs (average mass 7.6 mg), and subsequently measured on a triple quadrupole LC-MS/MS 6410 system (Agilent Technologies, http://www.agilent.com/) equipped with a Zorbax SB-C18 column (50 9 2.1 mm ID, 1.8 lm, Agilent Technologies) as described previously (Alamgir et al., 2016) . The amount of each metabolite was estimated using synthetic standards (CoP and FP; Alamgir et al., 2016) or the purified biological materials MA and MB. Contents of CaP, FA and SiP were estimated as CoP (CaP) and FP (FA, SiP) equivalents using synthetic CoP and FP standards (Tanabe et al., 2016) . standards (IS), and 10-ll extracts were measured on a LC-MS/MS 6410 system as described previously (Fukumoto et al., 2013) . Amounts of JA and JA-Ile were calculated from the ratio of endogenous hormone and deuterated IS peaks.
OsPROPEPs and defense-related gene expression were quantified by qRT-PCR, essentially as described in Fukumoto et al. (2013) . Total RNA was prepared from rice cells (40 mg) or rice leaf (about 100 mg) using TRIZOL reagent according to the manufacturer's protocol (Invitrogen, http://www.invitrogen.com/). The cDNA was synthesized by PrimeScript (Takara Bio Inc., http:// www.takara-bio.com/) reverse transcriptase enzyme after DNase treatment, subsequent cleanup of RNA samples by the standard phenol/chloroform method, and ethanol precipitation. Transcript levels were detected by THUNDERBIRD qPCR Mix (Toyobo, http:// www.toyobo-global.com/) on a CFX Connect Real-Time PCR System (Bio-Rad, http://www.bio-rad.com/). The OsEF1a gene was used as an internal control to correct for differences in RNA amounts or the sample quality of individual RNA preparations. Primers used in the study are listed in Table S2 .
For MAPK assay, 40-mg rice cell aliquots were pre-incubated for 6 h, treated with elicitors and proteins were extracted using 200 ll of 29 SDS sample buffer. The MAPK activity was detected by Western blotting using anti-phospho p44/42 MAPK (Erk1/2) (T202Y204) antibody (Cell Signaling Technology, https://www.cellsignal.com/). Signal detection was performed using LAS-4000 (GE Healthcare, http://www.gehealthcare.com/). Western blotting analysis was basically conducted according to a previous report (Hyodo et al., 2017) . After signal detection, the blotted membrane was stained with Ponceau S to visualize amounts of loaded proteins.
Statistical analyses
Statistical analyses (one-and two-way ANOVA, Student's t-test) were conducted with the open source software OpenStat (http:// statpages.info/miller/OpenStatMain.htm) or a commercial version of Microsoft Excel. Multiple comparisons where each experimental mean was compared with the control mean were analyzed by Dunnett's test (http://www.gen-info.osaka-u.ac.jp/MEPHAS/dunne tt-e.html).
Plasmid construction
To subclone OsPEPR1 (Os08g0446200), OsPEPR2 (Os08g0446400) and AtPEPR2 (At1g17750), the coding sequences were amplified using the primers listed in Table S2 . Amplified sequences were inserted into the pENTR plasmid and then transferred into the destination vector pGWB505 or pGWB511 (Nakagawa et al., 2007) , which harbored GFP or a FLAG, respectively, according to the manufacturer's protocol (Invitrogen). These vectors were used to generate transgenic rice plants and for transient expression in N. benthamiana.
Agrobacterium-mediated transformation using immature embryos
The rice cultivar Nipponbare was used to generate transgenic rice plants by an Agrobacterium-mediated protocol using immature embryos as previously described (Ishizaki and Kumashiro, 2008) , with modification of the hygromycin concentrations from 20 to 50 mg l À1 .
Transient expression in N. benthamiana
The coding sequences of AtPEPR2, OsPEPR1 and OsPEPR2 were subcloned into pGWB505 and then introduced into Agrobacterium tumefaciens GV3101::pMP90. Overnight-cultured Agrobacterium cells were collected and then resuspended in a solution of 500 lM acetosyringone. For co-introduction, Agrobacterium suspensions were mixed in equal ratios, and the resultant mixture was infiltrated into the leaves of 4-to 5-week-old N. benthamiana with a needleless syringe. To enhance transgene expression, Agrobacterium expressing p19 suppressor was used throughout our study.
Fluorescent images were obtained at 48 h after infiltration using a FV1000 confocal laser scanning microscope (Olympus, https:// www.olympus-global.com/) equipped with a 409 objective. The excitation/detection wavelength was 488/500-550 nm for GFP.
For ROS measurements, leaf discs were prepared at 24 h after infiltration with a cork borer (4 mm diameter) and floated on water for 24 h before use. The water was replaced with a solution of 18.75 lM L-012 (Wako, http://www.wako-chem.co.jp/english/) and 75 lg ml À1 horseradish peroxidase containing 1 lM AtPep1 or 1 lM OsPep3. Chemiluminescence was measured using a Tristar2 Multimode Reader LB 942 (Berthold Technologies, https://www.be rthold.com/) for 2 h. 24780334 to TS, no 16H01469 to YS, no 16K07412 to Y Fujita, no. 17H05818 to K Hyodo) and JST PRESTO (JPMJPR13B6 to YS). Our work at JIRCAS was supported in part by the Ministry of Agriculture, Forestry and Fisheries (MAFF) of Japan (to TI and Y Fujita). The Japan Advanced Plant Science Network provided the LC-MS/ MS instrumentation used at IPSR.
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